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Abstract: Reverse cycle air-source heat-pumps are an increasingly significant load in New Zealand and in many other countries. This has
raised concern over the possible impact wide-spread use of heat-pumps will have on the grid. To analyse this impact, models are needed
to enable system studies to be performed. In this paper, the results from testing six heat-pumps are presented. The heat-pumps are classified
based on observed performance. Moreover, the heat-pumps’ designs are investigated and power system computer aided design/electromag-
netic transient program for DC (PSCAD/EMTDC) models developed and verified against the measured performance.1 Introduction
Heat-pumps (referred to as air conditioners in the standards) are
being deployed throughout New Zealand at a very fast rate. This
is driven largely by the demand for more efficient electric
heating, as well as the desire to replace solid fuel burners for envir-
onmental reasons [1]. Moreover, the recent earthquakes in
Canterbury have demolished most of the chimneys in the region
and heat-pumps have been hastily installed to give much needed
heating. In recent years, other countries have also experienced a
large uptake of heat-pumps [2]. Early heat-pumps typically use
directly connected induction motors, where a contactor turns the
compressor motor on or off. These draw a large starting current,
which can cause voltage dips. Modern heat-pumps, however, use
inverter-driven induction motors to improve performance and
only a few currently manufactured, low-end units still use directly
connected induction motors. While the inverter drives increase ef-
ficiency and reduce inrush current, the rectifier circuits are a
known source of harmonics. In order to meet international stan-
dards, some form of power factor correction (PFC) circuitry must
be added to the basic rectifier circuit [3, 4]. The behaviour of the
heat-pump as seen from the AC system depends largely on the par-
ticular PFC rectifier circuit used. Inverter-driven heat-pumps can
exhibit a higher PF compared with directly connected induction
motor heat-pumps [5–7].
This paper presents the results of tests to determine the PF and
harmonic characteristics of six commercially available heat-pumps.
Moreover, the various rectifier circuits of the five inverter-driven
heat-pumps tested are studied and modelled. This is done to
explain the laboratory test results and to provide a tool for simulat-
ing the effect of multiple heat-pumps connected to a feeder.2 Heat-pump fundamentals
2.1 Heat-pump thermodynamics
Fig. 1 shows a simplified system diagram of a typical heat-pump.
On the heating cycle the compression process heats the refrigerant,
which then releases its heat to the surrounding air (the room) as it
condenses in the indoor heat exchanger/condenser. The cooled
liquid refrigerant then passes through an expansion valve into the
outdoor heat exchanger/evaporator, where it evaporates back to
the gaseous state, taking in heat from the surroundings in the
process. On the cooling cycle the flow is reversed, the indoorJ Eng 2013
doi: 10.1049/joe.2013.0012
This is an open
Attributioheat exchanger is used as the evaporator and the outdoor exchanger
becomes the condenser.
2.2 Motor drives
Earlier heat-pumps used a directly-connected induction motor (with
an on/off contactor) to drive the compressor. However, the majority
of new products use a power electronic inverter to supply the induc-
tion motor. Six heat-pumps were tested; the induction motor in five
of these was inverter-driven, whereas in the sixth it was directly
connected.
A PFC rectifier feeds a DC reservoir capacitor, from which the
inverter drives a three-phase compressor motor. Using an inverter
drive gives the following advantages:
† Variable speed control, which increases heat-pump controllabil-
ity and efficiency.
† Soft-starting, which reduces starting current and hence light
flicker.
† The PFC rectifier can be made to draw unity displacement PF
(DPF), although this is not fully implemented in all inverter-driven
heat-pumps.
Depending on the PFC rectifier implementation, some inverter-
driven heat-pumps can draw significant harmonic currents.
2.3 Auxiliary circuits
For both inverter-driven and directly-connected (non-inverter) heat-
pumps, in addition to the compressor motor there is electronic cir-
cuitry associated with monitoring the temperature of the ambient
and refrigerant conditions, as well as blower fans to circulate air
around the two heat exchangers. Hence, some electrical power is
drawn even when the compressor is not running.
3 Heat-pump performance
Six heat-pumps were chosen, from five different manufacturers, as a
representative sample of the heat-pumps available on the market.
Five were inverter-driven (referred to henceforth as A25, A50, B,
D and E), the sixth low-cost unit having a directly-connected induc-
tion motor (referred to as C ). Units A50, B, C, D and E all have a
similar nominal heating/cooling capacity (around 5 kW), whereas
unit A25 (from the same manufacturer as A50) has a nominal
heating/cooling capacity of about 2.5 kW.access article published by the IET under the Creative Commons
n-NonCommercial License (http://creativecommons.org/licenses/
by-nc/3.0/)
1
3.1 Energy efficiency
All heat-pumps placed on the market in Australia and New Zealand
are required to be tested for energy efficiency according to standard
AS/NZS 3823 [8]. This standard determines the efficiency by mea-
suring the heating and cooling power output for rated electrical
power input. These efficiencies are recorded as their energy effi-
ciency rating (EER) and coefficient of performance (COP), where
EER is the cooling efficiency and COP is the heating efficiency.
For the six heat-pumps tested, the published efficiency data are
shown in Table 1.
3.2 Harmonic testing
3.2.1 Test equipment: Two different voltage sources were used for
testing the heat-pumps. The five inverter-driven heat-pumps were
tested using two paralleled CHROMA programmable AC voltage
sources. A motor-generator (MG) set was used to test unit C,
because of the inability of the programmable AC voltage sources
to supply the necessary starting current. For all tests on unit C,
using the MG set, a voltage total harmonic distortion (VTHD) of
less than 0.7% of fundamental was achieved.
The programmable AC sources connected in parallel are capable
of supplying up to 14 A root mean square (RMS) and provide a very
stiff sinusoidal source with a VTHD of less than 0.2% of
fundamental.
All tests reported in this paper are at the nominal NZ supply
voltage of 230 V RMS, 50 Hz and under steady-state operation.
Although work covering behaviour during system dips, swells
and transients and during heat-pump start-up has been carried out
it is not reported here.Table 1 Heat-pump relative efficiency according to AS/NZS 3823
Model Output power,
kW
Input power,
kW
COP/EER
Heat Cool Heat Cool COP EER
A25 3.4 2.5 0.83 0.6 4.10 4.17
A50 5.8 5.0 1.6 1.55 3.63 3.23
B 6.25 5.2 1.73 1.72 3.61 3.02
C 5.6 4.8 1.90 1.70 2.95 2.82
D 5.6 5.0 1.70 1.66 3.29 3.01
E 5.5 4.4 1.57 1.37 3.50 3.21
It should be noted that these results are obtained with a special calibrated
test facility and, most importantly, the input power is averaged over a
considerable time period. At any given moment, the heat-pump may be
drawing either more or less than the input power stated in Table 1 for the
relevant cycle. The actual power drawn is dependent on various factors
including the ambient conditions around the two heat exchangers and the
temperature and phase of the refrigerant. This is the reason for the
arbitrarily chosen set of real power levels shown in the results in this
paper.
Fig. 1 Simplified diagram of heat-pump in heating cycle
This is an open access article published by the IET under the Creative
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23.2.2 Harmonic limits: Harmonic currents are undesirable; there-
fore standards exist to limit the allowable harmonic emission of
devices. The relevant standard is joint Australian and New
Zealand standard AS/NZS 61000.3.2 (for devices with maximum
RMS current of ≤16 A per phase) [4] which is essentially the
same as the equivalent International Electrotechnical Commission
(IEC) standard [3], but with the inclusion of an additional clause.
The heat-pumps tested fall within the standard’s category of Class
A devices.
3.3 Harmonic results
Figs. 2–7 display the current waveforms for each of the six heat-
pumps, on both heating and cooling cycles, at nominal voltage,
for various power levels. For heating mode, it can be seen that:
† As expected, the directly-connected induction motor heat-pump
(C ) exhibits a relatively sinusoidal load current with a low harmonic
content, although it does exhibit some second harmonic current.
† Some inverter-driven heat-pumps, classified later in this paper as
Type 1 (A25, B and E) and Type 2 (A50), draw high harmonic cur-
rents, especially at low-power levels, with a distinct change in
current waveshape above a certain power level.
† Unit D (Type 3) draws relatively low harmonics at all power
levels.Fig. 2 Heat-pump A25 current waveforms
a Heating
b Cooling
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The spectra (showing the first 19 odd harmonics) of the current
waveforms for unit A25, while heating, are shown in Fig. 8a,
along with the relevant harmonic limits. These results give the
strong impression that this particular unit was designed to just
pass the third (at low power) and fifth (at high power) harmonic reg-
ulations. Nevertheless, the unit satisfies the standard up to and in-
cluding the 40th harmonic.
The harmonic content when the heat-pumps are in the cooling
cycle is similar to that exhibited in the heating cycle. Spectra for
unit A50, while cooling, are displayed in Fig. 8b. Although the har-
monic currents exceed the AS/NZS 61000.3.2 limits for odd-order
harmonics between 5 and 19, when operating at low power levels,
the heat-pump still complies with the standard, as compliance is
only tested at rated power.
3.4 Crest factor
The current crest factor (CCF), which is the ratio of peak-to-RMS
current, was recorded for all the operating conditions displayed in
Figs. 2–7. It is significantly higher than √2 (1.41) for some
units, when operating at low-to-medium powers. A CCF of 3.2
was reached for A50 at low power. There was an abrupt change
in A50’s characteristics at a certain power level, caused by aFig. 3 Heat-pump A50 current waveforms
a Heating
b Cooling
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Attributiochange in operating mode. The RMS current actually reduced
from over 4 A to under 3 A, for an increase in real power from
0.54 to 0.59 kW (see Fig. 3a). In another case, the RMS current
only increased from 4.2 to 4.4 A, for an increase in real power
from 0.54 to 0.98 kW (Fig. 3b). The Appendix gives a summary
of the power quality data for all the heat-pumps, operating near
their rated power, in both heating and cooling modes.
3.5 Power factor and displacement power factor
DPF is the cosine of angular difference between fundamental
current and voltage, while PF is defined as the ratio of real power
to total apparent power (and hence includes harmonics as well as
DPF). Therefore
PF = real power
apparent power
=
1
T
∫T
0
vid t
VRMSIRMS
=
∑N
n=1 VnIn cos (fn)
VRMSIRMS
(1)
If the voltage harmonics are small (as in these tests) then
VnIn cos(fn) ≃ 0 for n≠ 1 and therefore the expression for theFig. 4 Heat-pump B current waveforms
a Heating
b Cooling
access article published by the IET under the Creative Commons
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PF can be simplified, with the ratio of RMS fundamental current to
RMS total current being expressed as the distortion factor (DF)
PF ≃ V1I1 cos (f1)
V1IRMS
= I1
IRMS
× cos f1
( )
= DF× DPF = DPFNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
1+ THD2
√
(2)
The range of PFs exhibited by all units, under all the operating con-
ditions displayed in Figs. 2–7, varied from 0.55 lagging to 0.93
leading, whereas the range of DPFs varied from 0.88 lagging to
0.97 leading. Although unit A50 had the worst PF, its DPF was
always close to unity, indicating that the low PF was because of har-
monic distortion. The current total harmonic distortion (ITHD) levels
for unit A50 reach 150% of fundamental at low power levels.
The cost of equipment needed to compensate for poor PF, espe-
cially for residential customers, who do not have PF limits in their
connection agreements, will inevitably be borne by the distribution
and transmission networks. There is sometimes a misconception
that a low DPF will require PFC capacitors to be installed. This
is because of the traditional thinking that loads are predominantly
inductive. A low DPF can be because of a leading (rather thanFig. 5 Heat-pump C current waveforms
a Heating
b Cooling
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4lagging) current, as is often the case with modern equipment
having an input rectifier with a capacitive DC filter. A low DF
will generally require some form of harmonic mitigation.
3.6 Effect of supply voltage distortion
The harmonic currents drawn by a heat-pump, as with most other
power electronic devices, are influenced by the voltage distortion
at the terminals [9]. This voltage distortion may be because of
voltage drop across the source impedance caused by its own har-
monic currents, as well as the harmonic currents drawn or injected
by other non-linear loads or sources connected to the system. To
minimise this distortion in the tests, the source was kept as stiff
as possible. This is not always a realistic scenario on a typical
network, where a VTHD of 1–5% of fundamental, or more, is
common. In order to show the sensitivity of the results to voltage
distortion, three different sources were used to supply heat-pump
D. They were:
† a relatively high impedance MG set;
† a local mains supply, already distorted by other loads; and
† a stiff programmable source.
Table 2 displays the ITHD for heat-pump D when supplied from
these sources. Of note is the increase in ITHD as the terminalFig. 6 Heat-pump D current waveforms
a Heating
b Cooling
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Fig. 8 Comparison of harmonic current spectra against AS/NZS 61000.3.2
a A25 when heating
b A50 when cooling
Table 2 Effect of source (and hence VTHD) on ITHD for unit D (heating)
Voltage source MG set Mains supply Programmable source
voltage V RMS 230 231 230
current A RMS 10.4 9.9 10.0
real power, kW 2.37 2.24 2.29
apparent power, kVA 2.39 2.28 2.31
reactive power, kVAR 0.25 lead 0.42 lead 0.30 lead
voltage THD,%F 1.8 4.5 0.2
current THD, %F 5.2 6.0 3.8
PF 0.99 0.98 0.99
DPF 1.00 0.99 0.99
Fig. 7 Heat-pump E current waveforms
a Heating
b CoolingVTHD increases. In order to understand the sensitivity more fully, a
tensor representation of the heat-pump is needed, as the heat-pump
will exhibit a phase-dependent impedance at harmonic frequencies
in the same way as compact fluorescent lamps and HVDC links
[10–12].
3.7 Diversity of harmonics
The currents of all the inverter-driven heat-pumps running simul-
taneously in the heating mode, under conditions close to the
manufacturers’ nominal power levels of Table 1 (similar to the
nearest power levels of Figs. 2–7), were summed vectorially.
Although only valid for a stiff voltage source, where the current har-
monics do not significantly distort the voltage waveform, this none-
theless demonstrates the effect of diversity in the harmonic phase
angle. Figs. 9a and b show compass plots of the third and fifth
harmonics (in heating mode), respectively, for the individual
inverter-driven heat-pumps as well as the total. The combined
total current waveform and its spectrum are displayed in Figs. 9c
and d. Figs. 10a–d show that the diversity is slightly worse when
in cooling mode. Table 3 shows the ITHD for the individual heat-
pumps as well as the combined ITHD for all the heat-pumps
running together. The IEC and AS/NZS standards assume that the
diversity factor (α) is 1 for harmonic orders h < 5, 1.4 for 5≤ h≤J Eng 2013
doi: 10.1049/joe.2013.0012
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Attributio10 and 2 for h > 10. From the measurement results, an actual diver-
sity factor has been calculated, using an iterative procedure, and dis-
played in Table 4. This shows there is more diversity in the third
harmonic than the standards assume, whereas less for all the
other harmonic orders. Work on the diversity of harmonics from ir-
rigation pumps has shown a lower diversity than the standardsaccess article published by the IET under the Creative Commons
n-NonCommercial License (http://creativecommons.org/licenses/
by-nc/3.0/)
5
Fig. 9 Multiple inverter-driven heat-pumps (heating)
a Compass plot of third harmonic current
b Compass plot of fifth harmonic current
c Combined waveform
d Spectrum of combined waveformassumed (α = 1 at fifth harmonic) [13]. Diversity in household
appliances was reported in [14].
4 Heat-pump design
To enable detailed studies of the impact that combinations of heat-
pumps will have, a detailed model must be developed. This was
achieved by a combination of studying schematic diagrams
(where available) and product disassembly, with in-circuit testing
techniques. In some cases, particularly in the case of inductive com-
ponents, parts were removed from PCB assemblies and their para-
meters measured using appropriate instruments. Schematics of the
main power circuits for the five inverter-driven heat-pumps are
given in Figs. 11 and 12.
Heat-pumps A25, B and E all employ relatively large lamination
steel-cored inductors, in series with a bridge rectifier and DC busThis is an open access article published by the IET under the Creative
Attribution-NonCommercial License (http://creativecommons.org/licen
by-nc/3.0/)
6capacitance, to provide shaping of a major lagging current pulse
each half-cycle. They also employ a low-frequency switching
element which, when activated, causes an additional minor
leading current pulse to be drawn each cycle.
Heat-pumps A50 and D employ much smaller ferrite-cored
inductors, in conjunction with a bridge rectifier and a high-
frequency switching boost converter.
The inductance values for all inductors were measured (out of
circuit) using an HP4192A impedance analyser. The capacitance
values were not measured, but the marked nominal value used.
4.1 Heat-pump classification
Based on the performance measurements discussed in Section 3 and
the power circuit topologies shown in Figs. 11 and 12, the heat-
pumps can be classified as:Commons
ses/
J Eng 2013
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Fig. 10 Multiple inverter-driven heat-pumps (cooling)
a Compass plot of third harmonic current
b Compass plot of fifth harmonic current
c Combined waveform
d Spectrum of combined waveform
Table 3 ITHD of individual heat-pumps and their combination when
running together
Heat-pump Heating Cooling
THD,%
fundamental
I1,
Amps
THD,%
fundamental
I1,
Amps
A25 22.99 5.78 55.40 3.72
A50 15.09 8.04 17.24 7.00
B 17.00 8.32 16.73 7.89
D 3.32 9.52 5.32 7.36
E 16.35 8.95 30.74 4.60
all
heat-pumps
9.64 40.44 14.97 29.96
Table 4 Calculated diversity factor (α)
Harmonic order Heating Cooling
3 1.393 1.318
5 1.250 1.137
7 1.190 1.170
11 —a 1.430
13 1.200 1.100
17 —a 1.120
19 1.720 1.465
23 1.540 1.340
25 1.465 1.200
29 1.460 1.680
31 1.045 1.130
aNo solution found.
J Eng 2013
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Fig. 11 Schematics of the main power circuits for heat-pumps A25 and A50
a Schematic of heat-pump A25
b Schematic of heat-pump A50
Fig. 12 Schematics of the main power circuits for heat-pumps B, D and E
a Schematic of heat-pump B
b Schematic of heat-pump D
c Schematic of heat-pump E
This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial License (http://creativecommons.org/licenses/
by-nc/3.0/)
8
J Eng 2013
doi: 10.1049/joe.2013.0012
† Non-inverter heat-pump (C ) which always exhibits reasonably
high, lagging PF and DPF and low ITHD.
† Type 1a inverter units (A25 and B), which exhibit relatively low,
lagging DPF and very low, lagging PF at lower power levels, chan-
ging abruptly to higher, leading PF and DPF at higher power levels.
† Type 1b inverter unit (E), which exhibits relatively low, lagging
DPF and low, lagging PF at lower power levels, improving, but
remaining lagging, as power level increases.
† Type 2 inverter unit (A50), which exhibits extremely low,
lagging PF at lower power levels, changing abruptly to much
higher, leading PF at higher power levels, although the DPF
remains close to unity at all levels.
† Type 3 inverter unit (D), which exhibits high, leading PF and
DPF throughout its operating range.
This classification is shown diagrammatically in Fig. 13.4.2 Low-frequency switching circuits
Heat-pump A25 (Fig. 11a) employs a Triac (T ) to switch a relative-
ly small, non-polarised capacitor, C3, into the circuit shortly after
the voltage zero-crossing. On the positive half-cycle C3 charges
through L, D1, C1 and T to half the DC bus voltage (producing
the minor leading current pulse shown in Fig. 2), at which point
D3 turns on such that C1 and C2 charge in series through L, D1
and D3, producing the major lagging current pulse. On the negative
half-cycle C3 charges through L, D4, C2 and T to half the DC bus
voltage with the opposite polarity, at which point D2 turns on
such that C1 and C2 charge in series through L, D2 and D4.
Operation is hence entirely symmetrical.Fig. 13 Classification of heat-pumps, based on PFC rectifier type
J Eng 2013
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AttributioHeat-pump B (Fig. 12a) employs a second bridge rectifier,
shunted by an insulated gate bipolar transistor (IGBT) (Q) and in
series with a catch diode (D9) to form a boost converter, in parallel
with the main rectifier. A low-frequency pulse train (at about 4 kHz)
applied to the gate of the IGBT, shortly after the zero-crossing,
allows a minor leading current pulse (shown in Fig. 4) to be
shaped, followed by the major lagging pulse through the main
rectifier.
Heat-pump E (Fig. 12c) also employs a second bridge rectifier,
shunted by an IGBT (Q), but this time in series with a small capaci-
tor, C1 (and a relay contact allowing the whole circuit to be
switched out). Unlike the other circuits, operation is not entirely
symmetrical on opposite half-cycles. Assuming the relay is
closed, on the positive half-cycle Q is turned on shortly after the
voltage zero-crossing, causing C1 to charge through L, DA, Q, DC
and D3. When C1 voltage reaches the DC bus voltage (or when Q
is turned off before then) D1 turns on and the current flows
through L, D1, C2 and D3 in series. On the negative half-cycle, Q
is turned on shortly after the voltage zero-crossing causing C1 to
discharge through C2, L, DD, Q, DB and D2. When C1 voltage
reaches zero (or when Q is turned off before then) D4 turns on
and the current flows through L, D4, C2 and D2 in series. Thus
C1 can be a polarised electrolytic type and a split DC bus (as
with unit A25) is not needed. (C1 is shunted by a bleed resistor as
shown). The circuit operation described causes the minor leading
current pulse (C1 in circuit), followed by the major lagging pulse
(C1 out of circuit) shown in Fig. 7.
All three converters (A25, B and E) have a steel-cored inductor of
similar electrical size (15–17 mH), although unit A25’s is physical-
ly smaller, because of the lower power, and hence peak current,
rating.access article published by the IET under the Creative Commons
n-NonCommercial License (http://creativecommons.org/licenses/
by-nc/3.0/)
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Fig. 14 Waveform and spectrum comparisons for unit A25
a Current waveforms and heat-pump A25
b Harmonic spectra and heat-pump A254.3 High-frequency switching circuits
Heat-pump A50 (Fig. 11b) employs a conventional PWM boost top-
ology, switching at 28.8 kHz with an IGBT (Q). From the wave-
forms of Fig. 3, it can be seen that, under some conditions, the
IGBT does not switch at all, the 420 μH ferrite-cored inductor
serving only to make the high CF current lag slightly, rather than
lead.
Heat-pump D (Fig. 12b) employs a symmetrical PWM semi-
boost converter [15] using IGBTs (Q1 and Q2). The symmetry
extends to the inductor, which takes the form of a coupled choke
symmetrically placed in both live and neutral conductors.
Measurements on the ferrite-cored inductor reveal self-inductance
of 166 µH for each winding, mutual inductance of 135 µH and
hence effective differential mode inductance of about 600 µH.
Current-sensing resistors for both the PFC rectifier and the inverter
are shown.
Measurements indicate that both these converters (A50 and D)
are operating under constant frequency, average current mode
control [16, 17]. Both of these converters also have substantial add-
itional differential and common mode (CM) filter components
which are not shown in Figs. 11b and 12b.
Note that all the heat-pumps have effective DC bus capacitance
in the range 1.5–2 mF, except for A25, which has 900 µF, but is
only rated for about half the power of the others.
4.4 Observations on design, based on measurements
At lower power levels units A25, B and E do not make use of their
auxiliary current shaping circuit, only switching it in above approxi-
mately 800, 500 and 400 W, respectively. Fig. 2 shows that the
leading current pulse for unit A25 has the same magnitude and
duration regardless of power level. This is because, once triggered,
the Triac switch cannot be turned off until the next zero-crossing;
hence the pulse is determined by L and C3 (Fig. 11a). This explains
the jump from lagging to leading PF especially apparent just above
800 W. The firing angle after zero-crossing for the Triac could be
altered, but this does not seem to occur with the simple control
scheme implemented.
The measurement results for heat-pump B (shown in Fig. 4)
demonstrate that the number and duration of IGBT switchings
can be used to control both the amplitude and the timing of the
leading current pulse. Closer inspection shows that at a short
fixed time after each zero-crossing there is a period of relatively
high di / dt (fixed for all power levels) when Q is on (Fig. 12a), fol-
lowed by a period of controlled constant di / dt (higher for higherThis is an open access article published by the IET under the Creative
Attribution-NonCommercial License (http://creativecommons.org/licen
by-nc/3.0/)
10power levels) achieved by low-frequency modulation of the
IGBT. During Q’s off-time some of the inductor energy is released
to the DC bus. It would appear that the modulation scheme could be
readily altered to give a slightly less leading full-load current with
this circuit.
The results for unit E (shown in Fig. 7) demonstrate that a single
turn-on of Q (Fig. 12c) occurs each half-cycle, with both turn-on
instant and pulse duration variable, depending on power level. An
earlier turn-on instant, or a larger value for C1, might result in a
slightly less lagging full-load current.
Heat-pumps A50 and D are both theoretically capable of achiev-
ing high PF and low distortion at all power levels. Unit D
does indeed perform well at all power levels; however the boost
switch of heat-pump A50 (Q in Fig. 11b) is disabled at lower
power levels, resulting in distortion exceeding the limits specified
in the standard. Although some small power savings may result
from not running the high-frequency boost circuit, there will be
additional losses in the inductor because of high RMS current;
hence it is unclear why the manufacturer has implemented this
behaviour.
5 Simulations and verification
5.1 PSCAD/EMTDC models
The development of simulation models for the heat-pumps is desir-
able for two reasons. Firstly it provides confirmation that the indi-
vidual circuit operation is correctly understood, and secondly it
allows the effect of many heat-pumps on any network to be
assessed. Each model consists of a power stage, based closely on
the circuits determined previously (Figs. 11 and 12), and a
control stage, synthesised to give close agreement with the observed
real-world waveforms. In all cases the inverter, loaded by the three-
phase compressor, is modelled by a constant power load, repre-
sented by a DC voltage source shunted by a resistor.
5.1.1 Low-frequency switching circuits: To model heat-pump A25
a pair of anti-parallel thyristors is used, to simulate the triac of the
real circuit. A voltage controlled oscillator (VCO) is used as a saw-
tooth generator, synchronised to the mains source, which provides a
signal ramping between 0 and 360°. This is compared with a con-
stant (but adjustable) firing angle α (between 0 and 180°) for the
positive half-cycle and (α + 180)° for the negative cycle, to
produce the thyristor gate pulses. Both α and the constant power
load parameters can be adjusted to match the simulated input
current waveform to the real-world measurements.Commons
ses/
J Eng 2013
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In the model for heat-pump B, the IGBT, on which the boost con-
verter is based, is driven by a pulse train synthesised from a single
long pulse followed by several further pulses, at around 4 kHz, with
pulse width reducing as the mains voltage rises, to mimic the
observed two-slope, real-world current rise. The actual pulse
widths can be adjusted, as can the constant power load parameters,
to give the closest match between the simulated input current wave-
form and the real-world measurements.
In the model of heat-pump E, apart from the load resistance and
DC bus voltage, there are two variables that can be set for the
model: time delay after voltage zero-crossing for 100 Hz IGBT
turn-on pulse (td) and duration of IGBT turn-on pulse (tp). The DC
bus voltage is set to the real-world measured value, when operating
at a certain power level, and the load resistance is set to give the rele-
vant real power; td and tp are then set to give the closest match
between the simulated and the measured input current waveforms.
5.1.2 High-frequency switching circuits: With the high-frequency
switching types A50 and D there is considerable high-frequency
ripple current present in the inductor, so the input filters employed
also have to be modelled to obtain simulation results close to the
real-world observed input current waveforms.
Although the power circuit topologies are different, both the
high-frequency switching circuits were modelled with a similar
design of average current mode controller. A bipolar sawtoothFig. 15 Waveform and spectrum comparisons for units B and E
a Current waveforms and heat-pump B
b Harmonic spectra and heat-pump B
c Current waveforms and heat-pump E
d Harmonic spectra and heat-pump i
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Attributiosignal is produced by a VCO, at the relevant observed switching
frequency, to which amplitude and offset adjustments can be
made. The modified sawtooth is fed into input B of a PWM com-
parator. Input A of the comparator is fed by a signal derived from
the error between the inductor current, Iout, and a reference
current, Iref, which in turn is derived from the input voltage
waveform. The actual error signal is first passed through a
proportional-integral (PI) control element, with adjustable propor-
tional gain and integral time constant, to obtain the input A signal.
In the model for heat-pump A50, each IGBT switching cycle is
initiated by the fixed frequency (28.8 kHz) clock pulse, which is
synchronised to the reference sawtooth, and is terminated by the
high-going output of the PWM comparator. The offset adjustment
for the sawtooth is positive, resulting in positive di / dt, but negative
d2i / dt2, just after each zero-crossing, as observed in the real-world
measurements. The sawtooth amplitude adjustment, the proportion-
al gain and integral time constant of the PI controller, the reference
current and, of course, the constant power load are all adjusted
to attempt to match the simulated input current waveform to the
real-world measurements.
In the model for heat-pump D, on the positive half-cycle each Q1
switching cycle is initiated by the fixed frequency (23.8 kHz) clock
pulse, synchronised to the reference sawtooth and is terminated by
the high-going output of the PWM comparator. On the negative
half-cycle Q1 is disabled and Q2 is switched in a similar fashion.access article published by the IET under the Creative Commons
n-NonCommercial License (http://creativecommons.org/licenses/
by-nc/3.0/)
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The offset adjustment for the sawtooth is negative, resulting in posi-
tive di / dt and positive d2i / dt2, just after each zero-crossing, as
observed in the real-world measurements. The sawtooth amplitude
adjustment, the proportional gain and integral time constant of the
PI controller, the reference current and the constant power load
can be adjusted in order to improve the match with the laboratory
measurements. Again the DC bus voltage and load resistance are
set to give the measured real-world values and the adjustable para-
meters are set to give a close match between the simulated and the
measured input current waveforms.
5.2 Verification
Each of the five simulation models was run at the highest measured
power levels, with a run time of ten mains cycles to allow settling to
steady-state. The simulated voltage source is perfect, with zero
source impedance. The measured and simulated results, shown as
‘basic simulation’ are compared in Figs. 14–16, which show the
current waveforms and harmonic spectra.
The correlation is reasonably good for most harmonics for most
of the models, although third and fifth are significantly different for
heat-pump D, and fifth for unit E, in percentage terms. The ‘basic
simulation’ waveforms are generally in reasonably good agreement
with the measurements. However, some discrepancies can be noted:
† With the single pulse current shaping types (A25 and E) the exact
turn-on instant of Triac or IGBT, and the actual value of the smallFig. 16 Waveform and spectrum comparisons for units A50 and D
a Current waveforms and heat-pump A50
b Harmonic spectra and heat-pump A50
c Current waveforms and heat-pump D
d Harmonic spectra and heat-pump D
This is an open access article published by the IET under the Creative
Attribution-NonCommercial License (http://creativecommons.org/licen
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12capacitor (nominally 38 and 65 µF, respectively), affect the shape of
the leading portion of the current waveform.
† There is additional electromagnetic compatibility (EMC) filter-
ing on the multiple-pulse current shaping type (B) which is not
included in the model, accounting for the 4 kHz ripple visible
only in the simulation.
† Each heat-pump also has auxiliary power circuits, such as local
power supply and fan drives, supplied from a separate capacitor-
filtered bridge rectifier, accounting for the additional current
drawn for a short period around the peak and trough of the
supply voltage waveform.In order to improve correlation, an attempt was made to add a
representation of the auxiliary power circuits to the models (labelled
‘auxiliary simulation’). A bridge rectifier across the mains supply,
with an LC filter and a load resistance on the DC side, was added
to each model, with values as given in Table 5. Component
values were identified to give the best time domain fit to the
‘missing’ portion of the ‘basic simulation’ waveforms.
Correlation between measured and modelled results is generally
improved, especially for units A25, A50, B and D. Frequency
domain results for units B and E are neither significantly better
nor worse than in the ‘basic simulation’ case, although the time
domain results certainly look more accurate (especially for unit
B). Remaining discrepancies are likely to be at least partially
caused by one or more of the following:Commons
ses/
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Table 5 Auxiliary power circuit model component values
A25 B E i50 D
L, mH 25 10 10 4 5
C, µF 15 39 22 25 25
R, Ω 1170 4650 2000 5000 3500
Table 6 Heat-pump retail prices and power circuit component costs
Type Retail
price, NZ$
Heating
capacity, kW
Retail price,
NZ$/kW
Component cost,
US$/kW
A25 1116 3.4 328 29
B 2041 6.25 327 17
E 1512 5.5 275 20
A50 1575 5.8 272 12
D 1687 5.6 301 19
C 900 5.6 161 1.5† The models do not incorporate effective series resistance (copper
and core losses), or B–H characteristics, of inductive components.
† The models are using nominal, not measured, capacitance
values.
† Some heat-pumps have more than one auxiliary power circuit,
and filters used on auxiliary power circuits may be of higher
order than the simple RLC assumed.5.3 Discussion regarding choice of PFC rectifier topology
In order to attempt to understand the drivers for different designs, a
cost estimate of the PFC rectifier implementations was undertaken.
This was to give a relative, rather than an absolute, indication of
power circuit cost. Table 6 gives the pertinent results from this,
such as heat-pump retail price in NZ$ / kW of nominal heating cap-
acity and power circuitry component cost price in US$ / kW of
nominal heating capacity. Competitive prices for the main power
circuit (as per Figs. 11 and 12) components (at 1000 + volume)
were obtained. Inductive components tend to be custom made
and their costs were estimated by choosing the closest standard
core (and where applicable, coil-former) and an estimated cost of
winding, again at 1000 + volume. The control circuit, printed
circuit board and assembly costs were neglected. The power
circuit of unit C consists only of a 50 μF motor run capacitor
(contactor-relay not included).
All five inverter-driven types have comparable price per kW. The
smallest unit (A25) is marginally the most expensive per kW and
has the highest per kW power circuit component cost, largely
because of the multiple bus capacitors used. A50 has the lowest
power circuit component cost, mainly because of having the smal-
lest main inductor (electrically and physically) and only a single
CM choke (as opposed to three CM chokes for the other high-
frequency switching heat-pump, D). Since cost is not a major
factor in the choice of topology, other reasons, such as heat-pump
designers’ lack of familiarity with high-frequency power electronics
topologies, their associated control strategies and EMC challenges,
may be responsible.
6 Conclusions and further work
The harmonic performance of several commonly used inverter-
driven heat-pumps has been reported, showing a diversity of char-
acteristics (classified as Type 1a, 1b, 2 or 3), as compared with a
directly connected induction motor unit. These characteristics
have been traced back to the rectifier power circuit design of theJ Eng 2013
doi: 10.1049/joe.2013.0012
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Attributioheat-pumps, with the operation verified by comparing simulation
results with actual measurements. This now allows ‘what if’
studies to be performed using the models created. It also shows
the wisdom of deploying a variety of heat-pumps in the same
street, to achieve harmonic diversity, rather than committing to a
single preferred supplier.
At lower input power levels, some of the inverter-driven heat-
pumps produce high harmonic current levels. This is because
three of the five heat-pumps concerned (A25, B and E) do not use
their auxiliary current shaping circuit at low power levels.
Although the harmonic levels are high, the device may technically
comply with AS/NZS 61000.3.2, as annex C.12 indicates that the
appliance is operated with the rated input power for compliance
testing. This is of concern, as many units may be simultaneously
operating at low-power levels. The CCFs of some of the heat-
pumps can be very high at lower power levels, resulting in a very
high peak current, which is undesirable. Only the Type 3 inverter-
driven heat-pump (unit D) exhibits low-current distortion over a
wide operating range.
The PF of the non-inverter-driven heat-pump is always reason-
ably high and lagging. The PF of the Type 1 inverter-driven units
is reasonably high (leading for 1a and lagging for 1b) near the
rated power. Below rated power the PF is low and lagging, even
when the power drawn is an appreciable percentage of the rated
power. The Type 2 unit’s PF is high and leading near the rated
power. At lower power levels it is very low and lagging. The
Type 3 inverter drive unit has a PF that is always high and leading.
Although the heat-pumps are rated for a given input power on
their energy efficiency labels, this is not a good guide for assessing
their maximum power consumption, which may be significantly
higher. For example, unit A25 has a rated input power of 0.83
kW, while these tests have shown that it can draw up to 1.33 kW
on occasions.
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9 Appendix
See Tables 7 and 8r ITHD, %fund. CF PF DPF
g 56.5 1.97 0.78 0.89
ad 25.7 1.60 0.93 0.96
ad 17.5 1.60 0.98 0.99
ad 17.2 1.51 0.98 1.00
g 10.3 1.45 0.99 1.00
g 9.2 1.44 0.99 1.00
ad 6.7 1.52 0.99 0.99
ad 3.6 1.50 0.99 0.99
g 22.3 1.57 0.96 0.98
R ITHD, %fund. CF PF DPF
g 60.9 2.03 0.77 0.90
ad 17.2 1.60 0.98 0.99
ad 17.5 1.54 0.98 1.00
g 12.2 1.44 0.99 1.00
ad 5.2 1.52 0.99 0.99
g 30.7 1.67 0.94 0.98
cause of an internal fault) although on heating mode rated power could be
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